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ABSTRACT 
We present a practical implementation of a solar thermophotovoltaic (TPV) system. The system presented in this paper 
comprises a sunlight concentrator system, a cylindrical cup-shaped absorber/emitter (made of tungsten coated with 
HÍO2), and an hexagonal-shaped water-cooled TPV generator comprising 24 germanium TPV cells, which is surrounding 
the cylindrical absorber/emitter. This paper focuses on the development of shingled TPV cell arrays, the characterization of 
the sunlight concentrator system, the estimation of the temperature achieved by the cylindrical emitters operated under con-
centrated sunlight, and the evaluation of the full system performance under real outdoor irradiance conditions. From the 
system characterization, we have measured short-circuit current densities up to 0.95 A/cm2, electric power densities of 
67 mW/cm , and a global conversion efficiency of about 0.8%. To our knowledge, this is the first overall solar-to-electricity 
efficiency reported for a complete solar thermophotovoltaic system. The very low efficiency is mainly due to the overheat-
ing of the cells (up to 120 °C) and to the high optical concentrator losses, which prevent the achievement of the optimum 
emitter temperature. The loss analysis shows that by improving both aspects, efficiencies above 5% could be achievable in 
the very short term and efficiencies above 10% could be achieved with further improvements. Copyright © 2012 John 
Wiley & Sons, Ltd. 
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1. INTRODUCTION 
Solar thermophotovoltaic (STPV) systems were proposed 
for the first time by Swanson in 1979 [1]. In these systems, 
an intermediate material is heated by the sun, re-radiating 
the absorbed energy towards a photovoltaic (PV) device 
(TPV cell). Then, using spectral control elements between 
the cells and the emitter (the surface of the intermediate 
material facing the TPV cells) or using reflectors at the 
back side of the TPV cells, the net radiation transfer from 
the emitter to the cells is restricted to photons with energies 
above the bandgap of the TPV cells, and the sub-bandgap 
photons are turned back to the emitter. This concept has 
one of the highest solar-to-electricity ultimate conversion 
efficiency limit among the other photovoltaic approaches 
(85% [2]). Besides, the presence of an intermediate high-
temperature material allows the combination of this tech-
nology with thermal storage systems and an alternate 
fuel/gas input [3,4]. Therefore, the main attractiveness of 
the STPV technology is that it could allow building a 
highly efficient, stable (non-intermittent), modular, and 
scalable solution to generate electricity from the sun en-
ergy. Besides, this technology is benefited from the fact 
that it requires a minimum number of moving parts (just 
needed in the sun-tracking system) compared with other 
solar-thermal technologies, as they are the Dish-Stirling 
systems. 
In our previous works concerning the theoretical analy-
sis of STPV systems, we demonstrated that efficiencies and 
electrical power densities of about 10% and 3 W/cm could 
be achieved in the short term, using presently available 
devices [5]. Besides, efficiencies and electrical power 
densities above 30% and 50 W/cm , respectively, are plau-
sible in the long term [6]. 
Many other theoretical analyses of STPV systems can 
be found in the literature [1,7-14,2,3,15,16]. However, just 
a few references to practical implementation of STPV 
systems are found. In this regard, highlighted are the work 
carried out in the mid-1990s by the US aerospace manufac-
turer McDonnell Douglas (later merged with Boeing in 
1997) [17,18,4,19-27] and by EDTEK Inc. during the early 
2000s [28]. However, in these references, an experimental 
solar-to-electricity efficiency is not reported for the full 
system, either because most of the tests were performed 
on test bed units but not on complete STPV systems (in 
the case of the McDonnell Douglas system) or because of 
the failure of different components that prevented operating 
the system under full sun-power conditions (EDTEK 
system). 
More recently, STPV systems has been developed in 
the frame of the European Commission funded project 
FULLSPECTRUM [29], which ended in 2008. In this 
project, a STPV system designed by the Ioffe Physico-
Technical Institute (St. Petersburg, Russia) was indepen-
dently implemented at both Ioffe Institute and at Instituto 
de Energía Solar Universidad Politécnica de Madrid 
(IES-UPM; Madrid, Spain). In this paper, we present the 
implementation and characterization of a full STPV system 
developed at IES-UPM (an early prototype description can 
be found in [30]). References to the Ioffe's system can be 
found in [31-39]. 
2. GENERAL DESCRIPTION OF THE 
STPV SYSTEM 
Figure 1 shows a draft of the different pieces comprising 
the full cylindrical STPV system (excluding the sunlight 
concentrator system). In this system, the concentrated 
sunlight heats a cup-shaped cylindrical absorber/emitter. 
The cylindrical enclosure plays the role of sunlight 
absorber, whereas the outer walls play the role of an 
emitter. This configuration provides a high emitter-to-
absorber area ratio, required in STPV systems to enhance 
the energy transfer to the cells rather than the energy emit-
ted back from the absorber to the sun. Besides, the cylindri-
cal enclosure provides a very high absorbance of the 
incident sun energy independently of the absorptivity of 
the material making up the inner walls of that enclosure. 
Tungsten is an excellent candidate to manufacture this 
component because of its low emissivity at long wave-
lengths, its high melting point (3400 °C), and its low 
vapor pressure. Besides, the spectral emissivity of tungsten 
for short wavelengths can be enhanced engineering the 
tungsten surface, for instance, depositing anti-reflective 
coatings. 
The absorber/emitter component is hosted within a 
quartz chamber in which an argon flow is established to 
prevent the emitter oxidation. Argon was selected because 
it is an inert gas and because it has a very low heat 
capacity, important to minimize the convective heat losses 
at the emitter. Besides, the quartz chamber is sealed and 
over-pressurized to avoid air flow inside the chamber. 
A hexagonal water-cooled heat-sink made of brass was 
manufactured to hold six TPV cell modules, containing 
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Figure 1 . Integration of the pieces comprising the STPV system 
prototype. 
four germanium TPV cells each. A germanium semiconductor 
was used because of its relatively low bandgap energy 
(0.661 eV), which is convenient for converting the light 
coming from bodies at the typical temperature range of 
1000-2000 °C. Although other low bandgap semiconduc-
tors (like GaSb, InGaAs, or InGaAsSb) could provide 
higher efficiencies, germanium has been elected because 
of two reasons: first, because it is one of the cheapest 
alternatives for manufacturing low bandgap TPV cells 
[40] and second, because of the recent worldwide interest 
on this kind of cells, which are also used as bottom cell in 
multi-junction solar cells. 
Within the TPV module, two pairs of cells are series 
connected using the shingling arrangement in order to 
minimize the shadowing factor of the array. Then, these 
pairs are interconnected in parallel to minimize the impact 
of the non-uniform illumination along the axial direction of 
the module. Finally, the modules are fixed to the water-
cooled heat-sink, using a thermal grease, to enhance the 
heat dissipation. 
The final TPV generator comprises 24 cells (divided 
into six modules), representing a total active area for the 
cells of 37.2 cm . It represents an effective concentration 
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Figure 2. Comparison between approaches 1 and 2 for assembling the shingled TPV modules. 
factor1 of 97 x (in terms of the reduction of required 
semiconductor area with respect to flat-panel PV systems). 
Within the FULLSPECTRUM project, tungsten emit-
ters were manufactured by the Ioffe Institute, and they were 
coated with HfC>2 anti-reflective coatings atFraunhofer-ISE 
(Freiburg, Germany). The Ge TPV cells were developed at 
Fraunhofer-ISE [41,42]. In what follows, we describe the 
development and characterization of a complete STPV 
system that integrates these components. 
3. TPV CELL MODULES 
The TPV cell module comprises four germanium TPV 
cells. Each cell has a total active area of 1.55 cm2 and a 
wide lateral bus-bar. Taking advantage of the lateral 
bus-bar, the shingling arrangement [43,44] is used to in-
terconnect the cells in the radial direction within each 
module (Figure 2). This provides a high packing density 
and allows the series connection between the cells, re-
quired to enhance the output voltage of the array. Parallel 
connection is used in the axial direction to avoid current 
mismatch losses occasioned by the non-uniform illumina-
tion of the module in that direction. 
3.1 . TPV cell module substrate 
The adoption of the shingled approach requires the use 
of a terraced substrate to provide mechanical support 
(Figure 2). Besides, the substrate must provide electrical 
The TPV active cells area (37.2 cm 
(3600 cm2) ratio 
to the Fresnel lens area 
isolation between the cells, a high thermal conductivity, 
and a coefficient of thermal expansion (CTE) similar to 
the one of the semiconductors (about 6-7 ppm/K). In this 
regard, we have manufactured two kinds of terraced 
substrates: 
• Metallic substrate: We have used copper, which is a 
very easily machinable and highly thermally conduc-
tive material (400 W/m K). However, it has a very high 
CTE value (17 ppm/K). Besides, it must be electrically 
isolated to allow the series connection between the 
cells. The electrical isolation has been carried out 
covering the Cu substrate with the Corr-Paint 
CP3000 water-based ceramic. This ceramic can be dis-
pensed using a pneumatic spray gun, which allows 
obtaining a relatively good surface uniformity and also 
reproducing very well the relief of the mechanized 
metallic substrate. 
• Ceramic substrate: We have used Boron Nitride 
(BN), MACOR®, and Shapal-M® ceramics. All of 
them provide electrical isolation and can be easily 
machined to perform the terraced substrates. Among 
them, Shapal-M is the best alternative because it 
shows the highest thermal conductivity (100W/mK) 
and the closer CTE to the one of the semiconductors 
(5.2ppm/K). However, both BN (15-50W/mK and 
1.1 ppm/K) and MACOR (1.5 W/m K and 13 ppm/K) 
are much cheaper than Shapal-M and are easier to 
mechanize. 
3.2. TPV cells assembling 
We have used two different approaches to interconnect the 
four Ge cells within the module (Figure 2): 
Approach 1: The cells are connected by means of two 
soldering steps. In a first step, the solder alloy 96.5Sn 
3.5Ag (221 °C melting point) is dispensed on the 
bus-bar of the bottom cell, and a protective poly-
meric paint is applied to the perimeter of the bottom 
cell to prevent the solder from flowing and shortcut-
ting the cell. Then, the top cell is placed over the 
bottom cell using a terraced ceramic (not wettable 
by the solder) substrate for mechanical support, and 
the full structure is slowly heated up to 270 °C 
(50 °C above the melting point of the solder). The 
result of this process is a fragile shingled pair of 
two cells (this specific step was suggested by Dr. 
Loeckenhoff, personal communication) (Fraunhofer-
ISE, Freiburg, Germany). In a second step, the back 
sides of the cells are soldered to the metallic traces 
previously deposited on the terraced substrate. For 
that, 58Bi 42Sn solder (138 °C melting point) is used 
because of its lower melting point, to allow a lower-
temperature soldering process to avoid the melting of 
the shingling junction between the two cells. Finally, 
in order to connect the front side of the top cells 
to the external module contacts, we have used the 
parallel gap welding (PGW) at Interuniversity 
Microelectronics Centre facilities (Leuven, Belgium). 
Figure 3 shows pictures of the full TPV generator 
comprising six TPV modules manufactured accord-
ing to this approach. 
Approach 2: In contrast to the previous approach, in 
this case the cells are connected by means of just 
one soldering process. This process not only includes 
the shingling connection of the cells but also the 
soldering of tinned-copper tapes (35 |im thick, 1 mm 
width) to the bus-bar of the top cells and the back 
side of the bottom cells. The shingled pairs resulting 
from this process are then bonded to the terraced sub-
strate using either a thermally conductive epoxy 
(LOCTITE 315) or thermal conductive adhesive tapes 
(Bond-Ply 100). Note that in this approach, the 
terraced substrates must present additional grooves 
(a) 
(c) 
Figure 3. (a, b) TPV modules manufactured according to approach 1 (M1-M6) mounted on a hexagonal water-cooled heat-sink. Note 
that the hexagonal heat-sink is divided in two parts, each hosting three TPV modules. Each side can move with respect to each other 
by means of a hinge, which allows opening of the TPV cavity during operation to check whether the emitter is being properly heated. 
(c) TPV module manufactured according to approach 2. 
Table I. Description of the TPV modules developed according to approaches 1 and 2. 
Module ID 
M1 
M2 
M3 
M4 
M5 
M6 
M7 
M8 
M9 
M10 
M11 
M12 
M13 
M14 
Assembling 
approach 
2 
2 
2 
2 
2 
2 
2 
Substrate 
materia 
MACOR 
Cu + Corr-Paint 
Cu + Corr-Paint 
Cu + Corr-Paint 
Cu + Corr-Paint 
MACOR 
MACOR 
BN 
Shapal-M 
BN 
BN 
Cu + Corr-Paint 
(without 
grooves) 
Shapal-M 
BN 
Substrate 
metallization 
Cr/Ag 
Cr/Ag 
Cr/Ag 
Cr/Ag 
Cr/Ag 
Cr/Ag 
Cr/Ag 
-
-
-
-
-
-
Back-side 
bonding 
BiSn solder 
BiSn solder 
BiSn solder 
BiSn solder 
BiSn solder 
BiSn solder 
BiSn solder 
LOCTITE 315 
LOCTITE 315 
LOCTITE 315 
LOCTITE 315 
Bond-Ply 100 
Bond-Ply 100 
LOCTITE 315 
Shingling 
solder 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
SnAg 
Front 
contact 
PGW 
PGW 
PGW 
PGW 
PGW 
Cu tape* 
Cu tape* 
Cu tape** 
Cu tape** 
Cu tape** 
Cu tape** 
Cu tape** 
Cu tape** 
Cu tape** 
-OCTITE 315 is a thermally conductive adhesive, and Bond-Ply 100 is a two-side thermally conductive and pressure-sensitive adhesive tape 
^Soldered along the full bus-bar of the cells 
**Soldered in the center of the bus-bar (transversal) 
to host the copper tapes (Figure 2). Figure 3 shows a 
picture of a module manufactured according to this 
approach. 
Note that in approach 1, electrically conductive traces 
are required on the substrate to perform the external electri-
cal contacts (Figure 2). These metallic traces consist of a 
Cr/Ag layer deposited using the thermal physical vapour 
deposition (PVD) technique, forming three electrically 
isolated parts. The very thin layer of Cr (5-7 nm) is used 
as an adherent precursor between the ceramic substrate 
and the Ag layer, which is used because of its very high 
electrical conductivity. Then, because the evaporated Ag 
layer is too thin (200-300 nm), a final electrolytic silver 
layer was grown in order to increase the electrical conduc-
tivity of the interconnecting traces. Table I summarizes the 
characteristics of all the developed TPV modules. 
Each TPV module has been tested using a constant-
voltage multi-flash system [45]. Figure 4 shows the I-V 
curve of the TPV module Ml2, in which the voltage and 
current addition with respect to the individual cells is 
demonstrated. Figures 5 and 6 show the Voc and the FF, 
respectively, of several TPV modules, and Figure 7 shows 
the TPV module efficiencies, in arbitrary units. Note that a 
relatively high FF of 65-70% has been obtained for the 
approach 2 modules for current densities up to 2 A/cm2. 
However, we note that approach 1 provides notably lower 
FF and efficiency than approach 2, especially at high cur-
rent densities. We have identified that this fact is attributed 
to a bad behavior of the back-side contact in the modules 
manufactured according to approach 1. In this regard, we 
have taken thermal images resulting when a relatively high 
current (3 A) is passing through these TPV modules, and 
we have noted a great non-uniform temperature in all of 
Figure 4. I-V curves of a full TPV module (M12) made up of 
four germanium cells in which two pairs of shingled (series-
connected) cells have been connected in parallel. 
them indicating that either (or both) the ohmic heating 
(series resistance losses) and/or the thermal conductivity 
is not uniform throughout the back contact. Besides, after 
desoldering some modules, we observed the lifting off of 
the silver metalization from the substrate, which points 
out bad adhesion of the electrolytic silver layer to the 
ceramic substrate. 
4. THE SUNLIGHT CONCENTRATOR 
SYSTEM 
The sunlight concentrator comprises a primary Fresnel lens 
of 60 x 60 cm and a secondary meniscus lens and was 
mounted on a two-axis sun-tracking system. This design, 
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Figure 5. Open-circuit voltage of some of the manufactured 
TPV modules, as a function of the short-circuit current density. 
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Figure 7. TPV modules efficiency (in arbitrary units) as a func-
tion of the short-circuit current density. 
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Figure 6. Fill factor of some of the manufactured TPV modules, 
as a function of the short-circuit current density. 
despite not being optimal to achieve high concentrations 
with high efficiency, has been elected because it leads to 
simpler structural designs compared with the use of 
reflective concentrators. 
To characterize this concentrator, we have measured the 
fraction of the total input energy that lies within a specific 
diameter at the focus plane. Each diameter represents a 
different geometrical concentration factor, and the 
3Because the PHIR-L30A-SH-V1 sensor not only detects the nor-
mal incidence irradiance (direct irradiance) but also the global ir-
radiance, the measurements were corrected taking into account 
the global and diffuse irradiance detected by two piranometers: 
the Kipp & Zonen CM11 (for diffuse irradiance measurement) 
and the EPPLEY PS (for global irradiance measurement). 
"It is important to note that during the measurements, we noted 
that when placing an aluminum sheet (without hole) on top of 
the thermal sensor, there was no detection of radiative power. 
It discards the possibility of detecting the infrared emission of 
the aluminum mask, heated by the concentrated sunlight. 
concentrator efficiency is given by the total power falling 
within that diameter to the incident total sun-power ratio. 
To measure the irradiance at the focus plane, we have 
used the broadband thermal detector PHIR-L30A-SH-V1, 
with a spectral detection range from 0.19 to 20 |^ m, which 
detects up to 30 W of radiative power. Because the 
expected light power at the focus plane of our concentrator 
system is about 300 W, a metallic mask is used at the 
entrance of the concentrator system to attenuate the light 
power impinging the detector. The mask consist of a 
60 x 60 cm aluminum sheet (matching the Fresnel lens 
area) with 36 holes (six lines and six rows) of 2.91 cm 
diameter, each one separated with 10 cm between each 
other. It represents an transmittance factor of 6.65%, which 
allows reducing the power range from 300 to 20 W. 
Finally, the sunlight power distribution at the focus plane 
is obtained by using a set of hole-masks with different 
diameters placed on top of the broadband thermal sensor. 
Figure 8 shows the measured concentrator efficiency as 
a function of the absorber hole diameter. The sun irra-
diance at the entrance of the concentrator was measured 
using two different sensors: a Kipp & Zonen CHI normal 
incidence pyrheliometer and the PHIR-L30A-SH-V1 de-
tector. In this regard, the error bars shown in Figure 8 rep-
resent the difference in using the two sensors. Two 
configurations, with and without secondary meniscus lens, 
were tested. Besides, the measurements were performed at 
different positions (A, B, and C), which represent different 
distances from the detector to the Fresnel lens, ranging 
from 72 cm (position A) to 73 cm (position C).4 
From Figure 8, we note that a large hole diameter is 
required to maximize the concentrator efficiency and that 
the use of the secondary lens provides higher efficiency 
for small hole diameters. On the other hand, the use of a 
meniscus lens provides a slightly lower efficiency for 
higher hole diameter because of the transmission losses at 
that lens. 
Despite the fact that the concentrator efficiency 
increases with the hole diameter, it must be noted that the 
optimum diameter must fulfill a trade-off between the 
—A— Fresnel lens (position A) 
—V— Fresnel lens (position B) 
—O— Fresnel lens (position C) 
—A— Fresnel lens + secondary (position A) 
- secondary (position B) Fresnel lens n
6 8 10 12 14 16 18 20 
Absorber hole diameter (mm) 
Figure 8. Concentrator efficiency (measured using aluminum 
metallic masks) as a function of the absorber hole diameter for 
two configurations: with and without secondary condenser lens. 
The efficiency has been measured at different distances from 
the Fresnel lens (positions A, B, and C). 
concentrator losses (which decreases with the absorber 
hole diameter) and the absorber emission losses (which 
increases with the absorber hole diameter). In this regard, 
a hole diameter of about 12 mm (which represents a geo-
metrical concentration factor of 3183X with a concentrator 
efficiency of 65-70%) must be chosen because higher 
diameters do not represent considerable concentrator 
efficiency improvement. 
5. ESTIMATION OF THE EMITTER 
TEMPERATURE 
The measurement of the emitter temperature in a STPV 
system is a very challenging task. This is because optical 
pyrometers cannot be used either because of the spectrally 
dependent emissivity of the emitter surface or the undesir-
able reflections coming from other light sources that are 
unavoidable outdoors. Therefore, thermocouples must be 
used in most of the cases. In this regard, the precise loca-
tion of the thermocouple is critical, and, in most of the 
cases, just an orientative temperature can be provided 
because of the temperature gradients appearing in the emit-
ter. In this section, we describe an attempt to measure the 
temperature of the cylindrical emitters used in our STPV 
system. We present both the estimated temperature as well 
as the lessons learned from this process that can be of inter-
est for the reader in order to understand the inherent 
difficulties of temperature measurement. 
We have used two kinds of absorber/emitter compo-
nents. First, graphite emitters were used to experimentally 
estimate the emitter temperature by means of a thermo-
couple. Second, using these results, we estimate the temper-
ature of tungsten emitters, which were used to operate the 
full STPV system. 
5.1. Graphite emitters 
Several graphite emitters with different diameters and 
lengths were developed to estimate the emitter temperature 
under concentrated sunlight. Graphite material was selected 
because of its very high sublimation point (3650-3700 °C) 
and because it is easily machinable, which allows us to 
manufacture our own ad hoc emitter shapes. Besides, note 
that the very high emissivity of graphite allows estimating 
the lower bound for the achievable temperature, using this 
specific concentrator system, of an emitter made of other 
materials with a lower emissivity.5 
A C-type thermocouple (model Omega T5R-005-12) is 
introduced inside the absorber cavity by means of a two-hole 
ceramic (alumina) insulator (model Omega TRX-164116-6), 
which at the same time plays the role of the emitter holder. 
The thermocouple signal was acquired using a program-
mable temperature meter (model Omega DPI32-C24), which 
transmits the temperature reading via RS-232 to a PC, which 
allows conducting programmed lectures during long periods. 
Figure 9(a) shows several of these emitters operated 
under concentrated sunlight. Note that, in general, the 
temperature is not uniform along the emitter walls. In fact, 
the degree of non-uniformity depends on the emitter 
dimensions. For instance, emitter 10 (L/R = 53) shows a 
much more uniform temperature distribution than emitter 
8 (L/R = 2). It illustrates how it is possible to obtain a more 
uniform emitter temperature profile just by tuning the emit-
ter dimensions. It is because for some specific emitter 
shape, the distribution of the sunlight absorption along 
the absorber cavity walls allows each infinitesimal portion 
of the emitter to be in thermal equilibrium, without the 
necessity of lateral thermal conduction. 
Figure 10 shows the acquired thermocouple temper-
ature (dots) at 800 W/m2 sun irradiance conditions of 11 
graphite emitters as a function of the emitter-to-absorber 
area ratio of the emitter (Aemit/Aabs = 1 + 2L/R). Besides, 
the emitter temperature that results from the solution of 
an energy balance at the emitter/absorber (assuming only 
a radiative heat transfer mechanism) is superimposed. 
The calculations were performed for two limiting cases: 
first, assuming a graphite emissivity of 0.9 and an underes-
timated quartz transmittance of 0.9, which leads to the low-
est emitter temperature; and second, assuming a graphite 
emissivity of 0.75 and an overestimated quartz transmit-
tance of 0.99, which leads to the highest emitter temper-
ature. The areas noted as "energy balance" in Figure 10 
represent all the calculated emitter temperatures bounded 
by both limiting cases. In these calculations, we have taken 
into account that each diameter corresponds to a different 
5A diffuse reflectivity of 0.25 was measured at room tempera-
ture for a broad range of wavelengths (300-1700 nm). It means 
that the emissivity at room temperature is 0.75. Besides, the 
emissivity of graphite is expected to increase with the tempera-
ture, which means that a very high emissivity (from 0.75 to 0.9) 
is expected. 
(a) 
Figure 9. (a) Six of the graphite emitters tested under concentra 
ameter) operated under concentrated sunlight, (c) tungsten emit 
under concei 
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Figure 10. Experimental versus modeled absorber emitter/tem-
perature of the 11 graphite absorbers tested as a function of the 
emitter-to-absorber area ratio, that is, Asmit/Asbs = {2KRL + KR2) = 
KR2 for an irradiance level of 800 W/m2. 
concentrator efficiency (Figure 8). For instance, D= 12 mm 
represents C=3183X and r¡conc~67%, O =16mm repre-
sents C= 1790X and r¡conc ~ 71%, and D = 19 mm represents 
C= 1270X and rj^^ 72%. 
Note that the experimental thermocouple measurement 
surpasses the calculated temperature, especially for low 
Aemit/Aabs (Figure 10). In this regard, we must note that 
in order to ensure the correct temperature measurement, 
the thermocouple should be completely surrounded by a 
uniform temperature cavity. However, in this case, none 
of these conditions are accomplished: first, because the 
absorber shows a non-uniform temperature distribution 
(Figure 9(a)); and second, because the absorber cavity is 
partially open, and the direct absorption of sunlight could 
(b) (c) 
sunlight, (b) pure-tungsten emitter (36 mm length and 12 mm di-
(25 mm length and 12 mm diameter) coated with Hf02 operated 
ted sunlight. 
lead to overheating of the thermocouple. Both are in agree-
ment with the especially higher thermocouple temperature 
achieved for low Aemit/Aabs emitters, which present the higher 
fraction of open area of the absorber cavity and the more 
pronounced non-uniform temperature distribution. 
The overheating of the thermocouple can be corrobo-
rated by looking at the pictures shown in Figure 9(a). For 
instance, we note that emitters 3 and 7 present a lower 
color-temperature than emitter 11. However, the thermo-
couple temperature was more or less the same for these 
three emitters (Figure 10). Another evidence is the fact that 
the thermocouple temperature for the emitters with 
D=16mm and O = 19 mm approach each other for very 
low Aemit/Aabs (emitters 4 and 8). It means that in those 
cases, the graphite temperature is not affecting the thermo-
couple reading but only the sunlight directly impinging the 
thermocouple, which is mostly the same in both cases. 
In contrast, the calculated temperature matches rela-
tively well with the experimental data for high Aemit/Aabs, 
especially for emitters 9 and 10. It is a consequence of 
two reasons: first, because of the larger view factor between 
the thermocouple and the absorber walls and second, 
because of the more uniform temperature profile of these 
emitters (Figure 9(a)). Besides, we remind the reader that 
the calculated temperature is obtained assuming only radia-
tive heat exchange at the emitter. Therefore, the good agree-
ment between experimental and calculated data suggests 
that the convection and conduction heat transfer mechan-
isms are not relevant. 
5.2. Tungsten-based emitters 
Several tungsten emitters were manufactured in the frame of 
the FULLSPECTRUM project by the Ioffe Physico-Technical 
Institute (Russia) [34,35]. They consisted of a 0.06-mm thick 
tungsten foil rolled into a cylinder 12 mm in diameter, whose 
edges were welded by means of resistance welding through a 
thin pad made of tantalum. Afterwards, some of these emitters 
were sent to Fraunhofer-ISE for the HfC>2 anti-reflective 
coating (ARC) using the PVD technique, and finally, they 
were tested under concentrated sunlight conditions at IES-
UPM (Figure 9(b and c)). 
Because of the difficulty to drill tungsten, we were not 
able to introduce a thermocouple within the absorber 
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Figure 11. Estimated temperature of different emitter/absorber 
configurations. 
cavity, and therefore temperature measurements were not 
carried out for these emitters. However, shown in Figure 11 
is the calculated temperature that would result in the case 
of using either pure-tungsten (W) or ARC-tungsten 
(ARC-W) emitter. Note that higher temperatures are 
obtained because of the lower emissivity of tungsten. 
Besides, slightly lower temperature is obtained for the 
HfC>2 coated emitters because of its higher emissivity at 
short wavelengths. In any case, temperatures in the range 
of 1300-1500 °C are expected for tungsten-based emitters 
with D= 12 mm. 
6. OUTDOOR TESTS OF THE 
COMPLETE STPV SYSTEM 
The full STPV system was mounted on a two-axis sun 
tracker system at the roof of the IES-UPM (Figure 12). 
During the mounting process, we aligned the different 
optical components (primary and secondary lenses) to 
achieve the maximum output power, corresponding to 
the maximum emitter temperature. The irradiance data 
were acquired by a pyrheliometer located just a few 
meters away from the system. Two tests were performed: 
in the first one, we used the TPV modules manufactured 
according to approach 1 (Figure 3), and in the second 
one we used the TPV modules manufactured according 
to approach 2 (Figure 3(c)). In both cases, we used 
Figure 12. Full TPV generator operated under concentrated sunlight. 
cylindrical ARC-W emitters 25 mm in length and 12 mm 
in diameter. The characterization consisted of measuring 
the I-V curve (using a Keithley 2602 four-probe source/ 
meter) of both the complete STPV module (first test) as 
well as of the independent shingled pairs comprising each 
module (second test). 
6.1 . First test 
In this test, the I-V curves of the full array comprising the 
TPV modules M1-M6 (manufatured according to the 
approach 1) were acquired. The system was tested during 
a full day to evaluate the effect of different irradiance con-
ditions on the system output power. Figure 13 shows, for 
the full TPV generator, the short-circuit current density 
(Jso i-e-, the current density delivered by the module when 
it is biased at V= 0 V) and the photocurrent density (iL, i.e., 
the net current density internally generated in the module 
because of external illumination). In the ideal case, Jsc 
equals i L because at V=0V all the generated current is 
delivered to the external circuit. However, if either the light 
intensity impinging the cells or the series resistance of the 
module are too high, some of the cell pin junctions could 
be biased, and therefore part of the generated current would 
be internally consumed by means of recombination. This 
could lead to a case in which i s c < iL. In that case, the i L 
value must be measured at negative biasing of the TPV 
array (in our case, —1 V). Note that in the case of series-
connected modules with non-uniform current generation, 
/L represents the lowest current generated among all the 
series-connected modules. 
The first notable effect from Figure 13 is that i L a nd isc 
have a supra-linear dependence on the irradiance level. It is 
due to the better spectral matching between the emitter 
spectrum and the TPV cells spectral response at higher 
irradiance levels (i.e., higher emitter temperatures). Note 
that because of this supra-linear dependence, if both the 
open-circuit voltage and the FF had a soft variation with 
the irradiance level, the conversion efficiency (given by 
the output electrical power: Jsc • Voc • FF, to incident 
sun-power ratio) would increase with the irradiance level. 
However, both the V0c (Figure 14) and the FF 
(Figure 15) decrease with the irradiance level. The deterio-
ration of the Voc points out the increment of the cells' 
averaged temperature. In this regard, Figure 14 shows that 
the calculated averaged cell temperature reaches 90 °C 
(70 °C above the cooling temperature of 20 °C) for 
900 W/m . This temperature is calculated through the 
variation of the V0c with respect to the one at room temper-
ature conditions by means of the ¡5 parameter.6 On the other 
The p parameter accounts for the variation of the open-circuit 
voltage with respect to a cell temperature variation. For the ger-
manium cells used and short-circuit currents from 0.1 to 1 A/ 
cm2, a f> parameter from -1.56 to -1.77 mV/°C has been mea-
sured using a Peltier temperature controller and a constant-
voltage multi-flash tester. 
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Figure 13. The short-circuit current density Use) and the 
photocurrent density (JL, measured at negative biasing of the 
TPV array) of the full TPV array (comprising the TPV modules 
M1-M6) under real operation conditions. 
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Figure 14. The open-circuit voltage (l/0c) and the calculated eel 
averaged temperature increment of the full TPV array (compris-
ing TPV modules M1-M6) under real operation conditions. 
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Figure 15. The fill factor (FF) of the full TPV array (comprising 
the TPV modules M1-M6) under real operation conditions. 
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hand, the EF degradation (Figure 15) is not only attributed 
to the heating of the cells but also to the series resistance 
of the array (especially relevant for modules M1-M6). 
Because of these reasons, the measured STPV system 
efficiency (Figure 16) is extremely low (not exceeding 
0.8%), and the system efficiency, which was expected to 
increase with the irradiance level (because of the supra-
linear dependence of the Jsc), is found to be more or less 
the same for every irradiance level. Besides, the electrical 
output power rarely exceeds 2.5 W, which represents an 
averaged electrical power density of only 67.2 mW/cm2. 
Figure 16 also shows the overall system efficiency that 
would be achieved if the TPV generator had a constant fill 
factor of 65% and the cells were operated at room temper-
ature (300 K). We observe that, in this case, the STPV 
efficiency would increase with the irradiance level, as 
expected, and the overall system conversion efficiency 
would surpass 2%. Besides, the very high abrupt increment 
of the conversion efficiency with the irradiance level sug-
gests that the improvement of the concentrator efficiency 
would also imply a notable increment of the conversion 
efficiency. Therefore, we can estimate that efficiencies 
above 5% are achievable just improving the concentrator 
system, the TPV cell cooling, and the electrical connection 
between the cells within the TPV module. 
These predictions match with our previous theoretical 
analysis of real STPV systems [5], where we predicted 
efficiencies slightly above 5% for a similar system config-
uration. In that analysis, we also stated that efficiencies 
abovel0% could be achieved with the incorporation of 
improved devices (emitter, cells, etc.) and the improve-
ment of the TPV cavity design. 
6.2. Second test 
In the second test, we used modules M8-M13 (manufac-
tured accoring to the approach 2). These modules allow 
for the external connection to every shingled pair (12 in to-
tal) within each TPV module. It allows for a more precise 
characterization of the uniformity of the electrical genera-
tion in the TPV generator. For that purpose, we will con-
sider the full array divided on two rings of cells: The 
bottom ring of cells comprises six shingled pairs noted as 
MX-B (X being the module number, from 1 to 6), and the 
top ring of cells comprises the shingled pairs noted as 
MX-T. 
Figure 17 shows the I-V curves of every shingled pair 
for an irradiance level of 750-800 W/m , and Table II sum-
marizes the results. First, the great photocurrent dispersion 
between the shingled pairs is noted. As expected, such 
scattering is more relevant in the axial direction (account-
ing for the difference between the modules MX-T and 
MX-B) than in the radial one. In this sense, note that be-
cause the emitter is located at the top of the quartz chamber 
(slightly above the top ring of cells), the cells comprising 
the bottom ring of cells are less illuminated and provide 
lower photocurrent densities. It justifies the parallel con-
nection of the cells in that direction. However, there is also 
a significant dispersion in the radial direction, which 
accounts for additional current mismatch losses. 
On the other hand, despite the higher i s c of the MX-T 
modules, their Voc is lower than that of the MX-B mod-
ules. It is because of the higher cell temperature for the 
MX-T modules. In this sense, Table II shows the estimated 
cell temperatures, obtained from the difference in the open-
circuit voltage measured in real conditions and that mea-
sured at room temperature in a flash tester. The calculated 
cell temperature is found to be in the range of 50-60 °C 
(30-40 °C above the cooling temperature of 20 °C) for 
the MX-B modules and 80-100°C for the MX-T ones. It 
must be taken into account that the pair M12-B reaches a 
much higher temperature than the rest of pairs with a sim-
ilar photocurrent density. This effect accounts for the bad 
thermal contact between the cell and the substrate in that 
module. Besides, we noted that the pair M12-T was 
shunted, which is probably due to the overheating of the 
cells within that pair, which is expected to be at higher 
temperature than the M12-B pair because it is placed in 
Experimental 
Assuming FF=65% and T =300 K 
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Figure 16. The overall sun-to-electricity conversion efficiency 
and the output electrical power of the full STPV system under 
real operation conditions. 
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Figure 17. I-V curves of the independent shingled pairs com-
prising the full STPV module. 
Table II. Output electrical characteristics of the shingled pairs comprising the full TPV array. 
Module 
Real measurements Flash measurements (25 °C) 
J s c (mA/cm2) Voc (mV) FF ,(mW] Voc (mV) FF ATCQ 
M8-B 
M9-B 
M10-B 
M12-B 
M13-B 
M8-T 
M9-T 
M10-T 
M11-T 
M13-T 
PTOTAL (W) 
>)STPv(%) 
%TPV < % > * 
463 
298 
301 
475 
410 
783 
636 
747 
683 
654 
503.1 
493.2 
514.4 
311.6 
479.8 
417.5 
427.4 
390.0 
432.5 
447.9 
53.7 
70.6 
65.0 
45.5 
61.8 
44.3 
51.8 
40.0 
52.8 
54.1 
194.1 
160.8 
156.4 
104.4 
188.8 
224.6 
218.4 
180.6 
242.1 
245.6 
1.92 (10 modules out of 12) 
0.73-0.85 
629.5 63.2 285.6 
611.0 70.7 199.4 
615.4 67.7 194.7 
635.2 68.2 319.2 
631.7 71.7 288.0 
661.3 65.0 522.3 
653.6 71.7 461.8 
663.6 66.5 510.4 
654.7 70.2 487.1 
657.5 69.1 460.7 
3.73 (10 modules out of 12) 
1.55-1.66 
2.6-4.1 
38.6 
35.2 
30.2 
99.0 
46.1 
76.4 
70.2 
85.6 
69.2 
65.1 
The STPV system is operated under 750-800W/m2 sun irradiance conditions 
^Calculated without considering the optical concentrator losses and assuming the cells at 25 °C 
the top ring of the array, leading to a possible melting of 
the soldered contact. 
The STPV efficiency, calculated from the addition of 
the electrical output power generated by the independent 
shingled pairs, results to be around 0.8%, and the averaged 
electric power densities is about 62 mW/cm . Note that this 
result corresponds to irradiance levels of 750-800 W/m 
and that, in the first test, an efficiency of about 0.6% was 
obtained for those irradiance levels (Figure 16). The 
slightly higher efficiency obtained in this test can be 
attributed to the higher FF of the modules M8-M13 and 
also to the dispersion losses, which are not included in this 
new analysis. 
7. FUTURE EFFICIENCY 
PREDICTION 
In the previous section, we have seen that efficiencies of 
above 2% are possible by just improving the cells cooling 
and the electrical connection between the cells in the array. 
Besides, we have seen that efficiencies above 5% are plau-
sible, improving also the sunlight concentration system. 
These predictions are exclusively based on experimental 
evidences. However, the experiments presented in this 
paper are useless when predicting the effect on the system 
performance of more sophisticated improvements, for 
instance, the improvement of the photon recycling process 
within the optical cavity. 
In this section, we use the theoretical models presented in 
[5,46] to predict the performance of cylindrical STPV sys-
tems with improved photon recycling system. This analysis 
assumes that both the emitter and the cells are isothermal 
7Looking at Table I, we see that in this module the substrate has 
no groves to host the back-side copper tape, and consequently, 
the cells are not in good thermal contact with the substrate. 
and diffuse cylinders with the same length (L) and different 
radii (RB and Rc, respectively) and that there are no convec-
tive neither conductive losses in the emitter. We have con-
ducted simulations for two scenarios: scenario 1 considers 
Ge TPV cells without BSR, tungsten emitters, and a relative 
distance between the cells and the emitter ((Rc — RE)/RC) of 
0.6. In contrast, scenario 2 incorporates some improvements: 
Ge cells with back-side reflector (BSR), ARC-W emitters, 
and a relative distance between the emitter and the cells of 
0.1 (much closer). Besides, scenario 2 considers lateral 
reflectors that minimize the radiative losses in the cavity. 
Figure 18 shows the resultant TPV cell electrical power 
density and the STPV efficiency for scenarios 1 and 2, as a 
function of the concentration factor (C) and the emitter 
aspect ratio (UR^)- Note that scenario 1 provides an effi-
ciency slightly above 5% and electrical power density 
slightly below 1 W/cm for a concentration factor of 
2000-3000 suns and LIR of about 3^1 (Figure 18(a)). It 
matches with the previous predictions derived from the 
experimental data presented in this paper. Scenario 2 
shows the efficiency that could be obtained improving 
the cavity optical confinement (Figure 18(b)). Note that 
efficiencies of 12-13% and electrical power densities close 
to 5 W/cm could be obtained for the same combination 
of concentration and LIR. However, take into account that 
because this analysis assumes an ideal concentrator and 
that the cells are operated at room temperature, a more 
realistic achievable efficiency may be about 10%. 
8. SUMMARY AND CONCLUSIONS 
In this paper, we have presented the development and 
characterization of a complete STPV system. Specifically, 
we have focused on the TPV cell array development, the 
characterization of the sunlight concentrator system, the 
measurement and estimation of the emitter temperature, 
g io 
10 
3 4 
10 10 
Concentration (C) 
(a) 
10 10 
Concentration (C) 
(b) 
Figure 18. Contour plot of the TPV cells electrical power density 
(FF • Voc • Jsc) with superimposed iso-STPV efficiency (TJSTPV) 
curves (solid lines) for scenarios 1 (a) and 2 (b), as a function of 
the concentration factor (Q and the emitter aspect ratio (L/R). 
and the characterization of the full system under real 
outdoor irradiance conditions. 
The TPV array comprises 24 germanium cells mounted 
on six TPV modules (four cells in each module), which 
form a hexagonal-shaped TPV generator that surrounds a 
cylindrical absorber/emitter. Within the module, the shin-
gled arrangement has been used to obtain a high array 
packing density and to provide the series connection 
between the independent cells. Two different approaches 
have been presented to develop these modules. The TPV 
modules have been tested with a constant-voltage multi-
flash system, showing a relatively high FF (65-70%) for 
relatively high current densities (up to 2 A/cm2). 
The sunlight concentrator system comprises a primary 
Fresnel lens (60 x 60cm) and a secondary meniscus lens. 
The concentrator efficiency has been measured for differ-
ent geometrical concentration ratios using a broadband 
thermal detector. From these measurements, an optimum 
absorber inlet hole diameter of 12 mm has been identified 
(corresponding to a geometrical concentration factor of 
3183 x). This diameter accounts for the maximum concen-
tration efficiency (67%) and the minimum absorber 
emission losses. 
Several graphite cylindrical emitters (with different 
lengths and diameters) have been tested under concentrated 
sunlight. The temperature of these emitters has been mea-
sured by means of a thermocouple placed within the cylindri-
cal absorber cavity. For high aspect ratio emitters (high L/R). 
the thermocouple temperature matches relatively well with 
the calculated temperatures obtained from the solution of 
an energy balance at the absorber/emitter component. How-
ever, for low aspect ratio emitters (low L/R), this setup has 
demonstrated providing overestimated temperature readings, 
surely because of the direct absorption of sunlight at the ther-
mocouple. From these considerations, the estimated temper-
ature for the graphite emitters are in the range of 800-
1200 °C, depending on the emitter dimensions, whereas for 
pure-tungsten and ARC-tungsten emitters is in the range of 
1300-1500°C. 
Finally, the full STPV system has been mounted on a 
two-axis sun tracker to evaluate its performance under 
outdoor real conditions. This system has provided short-
circuit current densities of up to 0.95 A/cm , electric 
power densities of 62mW/cm , and a conversion effi-
ciency of 0.8%. To our knowledge, this is the first overall 
solar-to-electricity efficiency reported for a complete 
STPV system. The very low efficiency is mainly due to 
the overheating of the cells (up to 120 °C) and to the con-
centrator optical losses, which prevent achievement of the 
optimum emitter temperature. It has been estimated that 
just by improving both aspects, efficiencies above 5% 
would be achievable in the very short term and that effi-
ciencies above 10% could be achieved with further 
improvements. This efficiency is still low compared with 
other PV technologies. However, the lower efficiency 
could be compensated by the great added value that repre-
sents the ability of generating power during dark periods, 
which is possible with these systems if thermal storage at 
the emitter/absorber component is incorporated. This abil-
ity would be of interest in most of the off-grid applications 
and also regarding grid management purposes. 
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